Introduction
Consumption of a high-fat diet has been found to increase the levels of obesity and insulin resistance in societies across the world (Pereira et al. 2005) . In addition, obesity also acts as an independent risk factor for the development of renal injury and dysfunction (Kopple & Feroze 2011). understood, it has been demonstrated that oxidative stress is an initiation factor that involves renal injury in case of obesity (Quigley et al. 2009 ).
Oxidative stress occurs as a result of an increased production of reactive oxygen species (ROS) and the disruption of available antioxidant enzymes in the cell. Several mechanisms are involved in the generation of ROS in case of obesity such as increased fatty acid oxidation, mitochondrial dysfunction, high production of cytokines and adipokines, ER stress and overactivation of NADPH oxidase (NOX) (Fernandez-Sanchez et al. 2011) . NOX is a membrane-bound enzyme complex which is one of the major sources of ROS in various cells and organs such as endothelial cells (Kim et al. 2017) , vascular smooth muscle cells (Griendling et al. 1994) , adipose tissue (Furukawa et al. 2004 ), brain (Hong et al. 2006 ) and kidney (Geiszt et al. 2000) . There are seven members of the NOX family including NOX1-5 and DUOX 1 and 2 (Bedard & Krause 2007) . Among these, NOX4 and NOX2 are highly expressed in the tissues of the kidney and play a critical role in renal oxidative stress and cause renal injury (Chabrashvili et al. 2002 , Bedard & Krause 2007 , Papadimitriou et al. 2014 . In addition, in case of obesity, activation of the renin-angiotensin system (RAS) is commonly found, and this has been linked to the oxidative stress in the kidney. Studies in obese Zucker rats demonstrated that renal RAS is activated and involved in increase of oxidative stress condition in the kidney (Hu et al. 2009 , Luo et al. 2015 . Increased oxidative stress in the cells is regulated by a cellular defense mechanism, which is controlled by the Nrf2-Keap1 signaling pathway. Increased cellular ROS production leads to dissociation of the Keap1 proteins from Nrf2, results in Nrf2 translocation to the nucleus and activates the expression of antioxidant enzymes including catalase (CAT), glutathione (GSH), glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), heme oxygenase-1 (HO-1) and NAD(P)H:quinine oxidoreductase-1 (NQO-1).
Several natural compounds are shown to have an anti-oxidative stress effect. Prebiotics are food ingredients, which are not normally digested by the human digestive system, but exert beneficial effects on the maintenance of host intestinal balance (Gibson et al. 2004) . Number of studies have shown that prebiotics have a significant role in protection against oxidative stress and obesity (Pourghassem Gargari et al. 2013 , Cluny et al. 2015 , Zhang et al. 2015 , Hamilton et al. 2017 . Interestingly, the effects of prebiotics on renal function have also been demonstrated. Administration of the prebiotic XOS with fructooligosaccharide improved renal glomerulosclerosis and decreased serum creatinine and urinary protein in streptozotocin-induced type 1 diabetic rats (Gobinath et al. 2010) .
Moreover, it has been reported that oxidative stress is involved in the dysfunction of renal organic anion transporters (Oats). Oats are important transporters in the proximal tubule of the kidney that are responsible for the excretion of various endogenous substances and organic anion compounds from the body. Furthermore, Oats also have an endogenous role for regulating the transport of metabolites, hormone, anti-oxidants and gut microbiota products . A growing evidence in metabolomic studies has been demonstrated that the alterations in Oats expression and function affect to the systemic level of Oats substrates that leading to clinical implication in such disorder as metabolic syndrome, diabetes and CKD (Sharma et al. 2013 , Liu et al. 2016 . The Oat isoforms which have been shown to play a major role in renal excretion are Oat1 and Oat3. Recently, studies have shown that renal Oat3 function and expression are decreased in association with the increased oxidative stress in rats with type 1 diabetes mellitus and gentamicin-induced nephrotoxicity (Phatchawan et al. 2014 , Jaikumkao et al. 2016 . However, the function and the expression of renal Oat transporters in the obese condition are not fully understood.
The aim of this study was to investigate the effect of prebiotic XOS on renal function and renal Oat3 function in obese insulin-resistant rats. We hypothesized that prebiotic XOS had the beneficial effects on renal function and Oat3 function that was associated with the attenuation of renal AT1R and NOXs-induced-oxidative stress and apoptosis. These effects mediated by the restoration of obesity and insulin resistance by XOS treatment.
Materials and methods

Animals
Six-week-old male Wistar rats weighting 200-250 g were obtained from the National Animal Center, Salaya campus, Mahidol University, Bangkok, Thailand. All rats were housed in a room at a temperature of 25 ± 1°C in a 12-h light/darkness cycle and received their specific diet and water ad libitum. Firstly, the rats were randomly divided into two groups, normal diet (ND) and high-fat diet (HF) (twelve rats per group). The ND rats were fed with a standard pelleted diet (19.77% energy from fat, energy content of 4.02 kcal/g) and the HF rats were given a diet which included 59.28% energy from fat with an energy content of 5.35 kcal/g for the induction of obesity. Diet ingredient and nutrient analyses were adopted and modified from the study by Srinivasa et al. (2005) . After 12 weeks, the rats were subdivided into four groups (n = 6/group) as follows: (i) normal diet (ND); (ii) normal diet treated with XOS (NDX); (iii) high-fat diet (HF) and (iv) high-fat diet treated with XOS (HFX). XOS (Shandong Longlive Bio-Technology Co., Ltd., Shandong, China) at the concentration of 1000 mg/mL in phosphate buffer saline (PBS) was given by oral gavage daily for 12 weeks. ND and HF rats received sterile PBS as a vehicle control.
At the end of week 24, blood and urine were collected. All rats were anesthetized with isoflurane inhalation and decapitated. Kidneys were removed immediately, decapsulated and weighed. One kidney was used to determine the function of the transporter Oat3 by measuring estrone sulfate (ES) uptake into renal cortical slices. The other kidney was kept for determination of protein expression by Western blot analysis, measurement of malondialdehyde (MDA), hematoxylin and eosin (H&E) stained for morphological analysis and TUNEL assay. Tissue samples were stored at −80°C and used for subsequent studies.
The ethics of the experiments were approved by the Laboratory Animal Care and Use Committee at Faculty of Medicine, Chiang Mai University, Chiang Mai, Thailand (Permit No: 13/2558).
Blood and urine chemistry
After 5-6 h of fasting, the rats were anesthetized using isoflurane. Blood samples were collected from the lateral tail vein. Plasma glucose and total cholesterol concentrations were determined by an enzymatic colorimetric method using a commercial kit (Biotech, Bangkok, Thailand). Plasma insulin level was determined using the Sandwich ELISA method (Millipore). Serum creatinine was measured by enzymatic colorimetric methods using commercial kits (Diasys Diagnostic Systems GmbH, Holzheim, Germany).
For urinary analysis, animals were placed in metabolic cages to enable 24-h urine collection. Water intake and urine volume over the 24-h period were recorded. Urine creatinine and microalbumin were measured using an automatic biochemical analyzer at the Clinical Laboratory, Maharaj Nakhon Chiang Mai Hospital, Chiang Mai, Thailand. For the investigation of renal function, glomerular filtration rate was measured by the rate of creatinine clearance.
Oral glucose tolerance test (OGTT)
The OGTT was performed at week 24 to determine glucose tolerance status. The rats were fasted for 12 h. Glucose solution (2 g/kg body weight) was orally fed to the rats. After 15, 30, 60 and 120 min of glucose ingestion, the rats were anesthetized and blood samples were collected for measuring plasma glucose level. The plasma glucose at each time interval was shown as a curve of OGTT and the total area under the curve (AUC) were calculated.
Histological examination
The kidney was cut in a half along the transverse axis, fixed in 10% neutral buffered formalin and embedded in paraffin. Paraffin-embedded specimens were cut into 2 µm-thick sections, mounted on microscope slides and stained with hematoxylin and eosin (H&E) for general histological assessment. The samples were examined under a light microscope to allow the observation of the presence of tubular and glomerular changes. This was carried out by an observer blinded to the animal treatment group.
Determination of renal Oat3 function
Renal Oat3 function was estimated using the renal cortical slice uptake method. The kidney was decapsulated and placed into freshly oxygenated ice-cold modified Cross and Taggart saline buffer (this contains: 95 mM NaCl, 80 mM mannitol, 5 mM KCl, 0.74 mM CaCl 2 , and 9.5 mM Na 2 HPO 4 , pH 7.4). Thin renal cortical slices (≤0.5 mm; 5-25 mg, wet weight) were cut using a Stadie-Riggs microtome. The tissue slices were preincubated for 30 min in the buffer with or without insulin (30 µg/mL) and then incubated in 1 mL of buffer containing 50 nM [ 3 H] estrone sulfate (ES) ([ 3 H]ES; Perkin Elmer) for 30 min at room temperature. After incubation, the tissue slices were washed in 0.1 M MgCl 2 , blotted on filter paper, weighed and dissolved in 0.4 mL of 1 M NaOH. The NaOH in the tissues was then neutralized with 0.6 mL of 1 M HCl. The radioactivity was measured using a liquid scintillation analyzer (Perkin Elmer). Transport of [ 3 H]ES into the renal cortical tissue was calculated as a percentage of the control.
Lipid peroxidation (MDA level) in renal cortical tissues
To determination renal oxidative stress, the measurement of malondialdehyde (MDA) in renal cortical tissue was performed. Renal cortical tissues were isolated, suspended and homogenized in CelLytic MT mammalian Tissue Lysis/Extraction reagent (Sigma Aldrich) containing a 1% protease inhibitor cocktail (Roche Applied Science) according to the manufacturer's protocol. The samples were then centrifuged at 1600 g for 10 min at 4°C. The supernatants were collected and used to determine renal cortical MDA using commercial thiobarbituric acid assay (TBAR assay) kits (Cayman Chemical).
Terminal deoxynucleotidyltransferased UTP nick end labeling (TUNEL) assay
Apoptotic nuclei in paraffin-embedded kidney tissue sections were detected using Calbiochem DNA Fragmentation Detection Kits (Millipore), by the binding of terminal deoxynucleotidyltransferase (TdT) to exposed 3′-OH ends of DNA fragments generated in response to apoptotic signals. TdT catalyzed the addition of biotinlabeled and unlabeled deoxynucleotides. Biotinylated nucleotides were detected using a streptavidin-horseradish peroxidase (HRP) conjugate. Diaminobenzidine reacted with the labeled sample to generate an insoluble brown colored substrate at the site of DNA fragmentation (TUNEL-positive cell). This substrate could then be examined and calculated under a light microscope by the observer blinded to the animal group.
Western blot analysis
For the analysis of protein expression, 0.1 g renal cortical tissue samples were homogenated in lysis buffer (Sigma Chemical) containing a 1% protease inhibitor cocktail (Roche Applied Science), and protein concentration was determined using a BCA protein assay kit. The protein sample was mixed with a loading buffer, heated at 95°C for 10 min and subjected to 12% SDS-PAGE and subsequently, transferred to a polyvinylidene fluoride membrane (Millipore). Non-specific proteins were blocked with 5% non-fat dry milk in Tris-buffered saline (TBS) or PBS containing 0.1% Tween-20 for 1 h at room temperature. The membrane was then incubated overnight at 4°C with a primary antibody specific for renal Oat3 (KAL-KE035) from CosmoBio Co. Ltd., Tokyo, Japan, primary antibodies for NOX4 (sc-30141, Lot G1114), p67 phox (sc-7663, Lot E1415), PKCα (sc-208, Lot C2311) and Nrf2 (sc-722, Lot G2712) from Santa Cruz Biotechnology, primary antibodies for phosphorylated PKCα (9375, Lot 4), Erk1/2 (9101, Lot 28), SOD2 (13141, Lot 1) and Bcl2 (2870, Lot 5) from Cell Signaling Technology, primary antibodies for 4-HNE (ab46545, Lot GR293758-3), GCLC (ab41463), AT1R (ab124505, Lot GR126135-19), Podocin (ab50339, Lot GR306183-3) and Nephrin (ab136894, Lot GR213168-14) from Abcam, and primary antibodies for Keap1 (ABS97, Lot 2603413), Bax (04-434, Lot 2492230), Na + -K + ATPase (05-369, Lot 2384712), GAPDH (ABS16, Lot 2794839) and β-actin (04-1116, Lot 2324657) from Millipore. Protein levels were normalized to β-actin or GAPDH as a loading control. After washing with buffer three times for 5 min, the membrane was incubated with a secondary antibody for 1 h and then with an enhanced chemiluminescent (ECL) reagent (Bio-Rad Laboratories) for 5 min. Imaging of the protein band intensity was carried out using the ChemiDoc Touch Imaging System (Bio-Rad Laboratories) and analyzed using Image J (Adobe).
Statistical analysis
Data were presented as mean ± s.e. The differences between ND and HF rats before treatment and among ND, HF, NDX and HFX rats after treatment were analyzed using an independent-samples t-test and a one-way ANOVA followed by Fisher's least significant difference test (LSD), respectively. P values of less than 0.05 were considered statistically significant.
Results
Metabolic and renal parameters before and after XOS supplementation
The metabolic and renal parameters after 12 weeks of inducing obesity in the rats are shown in Table 1 . Rats fed on a high-fat diet showed significant increases in food and energy intake, body weight and total cholesterol level when compared to normal diet-fed rats. There was no significant different in fasting blood glucose level between the ND (control) and HF rats. However, plasma insulin level was significantly increased in HF rats when compared to the ND control rats (P < 0.05) indicating insulin resistance condition was observed in HF rats. Water intake, urine volume, urine creatinine, serum creatinine and creatinine clearance were not changed in HF rats. However, there was a significant increase in microalbuminuria in HF rats when compared to ND rats (P < 0.05). These results suggest that after 12 weeks of being fed on a high-fat diet, impairment renal function was occurring in HF rats.
The changes in metabolic and renal function parameters after XOS supplementation for 12 weeks are shown in Table 2 . The HF diet rats who were given XOS, the HFX rats, showed significant decreases in food and energy intake, body weight, total cholesterol and plasma insulin levels when compared to HF rats (P < 0.05). Moreover, the results of OGTT, which measures glucose tolerance, also showed that plasma glucose levels were significantly increased after 60 and 120 min of glucose ingestion in HF rats when compared to the ND rats (P < 0.05) (Fig. 1A) . The elevated glucose during OGTT in HF rats reflected glucose intolerance in this study. These results were correlated with the increase in total area under the curve (AUC) in HF group as shown in Fig. 1B .
The data demonstrated that HF rats presented an insulin resistance in this study. Interestingly, after treatment with XOS to HF rats, this condition was significantly improved when compared to untreated HF rats (P < 0.05). The level of urine microalbumin was significantly decreased in HFX rats when compared to HF rats (P < 0.05). The intake of XOS also led to a significant increase in creatinine clearance in HFX rats when compared to untreated HF rats (P < 0.05) indicating improvement in kidney function when compared to that of HF diet rats. Also, kidney weight to body weight ratio was significantly decreased in HF rats when compared to ND rats (P < 0.05). XOS supplementation in HFX rats could not increase kidney weight to body weight ratio when compared to HF rats. However, there was no significant different in metabolic and renal function parameters in XOS supplementation in NDX rats when compared with control.
The effect of XOS treatment on renal function and renal Oat3 function
HF diet rats demonstrated impaired renal function as shown by the significant increase in microalbuminuria and decrease in creatinine clearance when compared with the control group (P < 0.05). These impairments could be improved by XOS treatment in HFX when compared with HF (P < 0.05). HF rats showed a significant decrease in [ 3 H]ES uptake into renal cortical tissues, which reflected the impaired renal Oat3 function when compared to the ND control rats (P < 0.05) (Fig. 2A) . The decreased renal Oat3 function in HF rats was associated (n = 10-12 rats in each group). The differences between the two groups were examined using independentsamples t-test. *P < 0.05 compared with the control group. HF, high-fat diet group; ND, control. Values are mean ± s.e.m. (n = 5-6 rats in each group). One-way ANOVA followed by Fisher's least significant difference test was used for multiple comparison. *P < 0.05 compared with the control group; † P < 0.05 compared with control treated with XOS; ‡ P < 0.05 compared with the high-fat group. HF, high-fat diet; HFX, XOS-treated HF diet groups; ND, control; NDX, control treated with XOS.
with the decrease in Oat3 expression in both whole cell lysate and membrane fraction of renal cortical tissues when compared with ND rats (P < 0.05) ( Fig. 2B and C) . XOS treatment in HFX rats led to significantly increased [ 3 H]ES uptake when compared to that in the HF rats (P < 0.05). These results were related to the significant increase in Oat3 expression in whole cell and membrane fraction in HFX rats when compared with HF rats (P < 0.05) (Fig. 2B and C) .
The effect of XOS treatment on renal morphology and podocyte injury
Renal histology of the kidney in the HF rats including the enlargement of Bowman's capsule and interstitial space, glomerular atrophy and sloughing of cells into tubular lumen were consistent with the decrease in renal function (Fig. 3A) . These alterations were graded and reported as a kidney injury score as shown in Fig. 3B . (n = 5-6/group and four renal slices per animal were used). One-way ANOVA followed by Fisher's least significant difference test was used for multiple comparison. *P < 0.05 compared with the control group. † P < 0.05 compared with control treated with XOS. ‡ P < 0.05 compared with the high-fat diet group. HF, high-fat diet; HFX, XOS-treated HF diet groups; ND, control; NDX, control treated with XOS.
The kidney injury score was significantly higher in HF group than the control. After treatment with XOS, HF rats showed the improvement of kidney morphology and the decrease in injury score. In addition, the expression of podocin and nephrin were significantly decreased in the HF when compared with ND groups (P < 0.05) (Fig. 3C  and D ). These results demonstrate that podocyte injury is associated with the increase in urine microalbumin in HF rats. However, the decreasing expression levels of these proteins in the HF group were recovered by the treatment with XOS.
The effect of XOS treatment on renal oxidative stress
As shown in Fig. 4 , the level of MDA and the expression of 4-HNE in the kidney cortex of HF rats were significantly increased when compared to that in ND rats (P < 0.05). After XOS supplementation in HFX rats, there were significant reductions in MDA level and 4-HNE expression when compared to HF rats (P < 0.05). AT1R, NOX4 and the component of NOX2, p67 phox expression in HF rats showed significant increases when compared to ND rats (P < 0.05). The stimulations of these were suppressed by XOS treatment in HFX rats (P < 0.05) (Fig. 5) . Moreover, HF rats had significant increase in levels of the phosphorylated form of PKCα (P < 0.05) when compared to ND rats (P < 0.05). Consistently, Nrf2 transcription factor expression in whole-cell lysate was not significantly different among all the experimental groups (Fig. 6A) . However, there was a significant increase in the nuclear fraction of Nrf2 in HF rats when compared to ND rats (P < 0.05) (Fig. 6B) . Moreover, significant increases in Keap1 and Erk1/2 were also found in HF rats ( Fig. 6C and D) demonstrating the dissociation of keap1 from Nrf2 and the increased translocation of Nrf2 to the nucleus which would promote antioxidant enzyme production. As shown in Fig. 6E and F, the level of antioxidant enzymes including SOD2 and GCLC were significantly increased in HF rats when compared to ND rats (P < 0.05). XOS treatment in HFX rats was shown to attenuate SOD2 and GCLC expression when compared with HF rats (P < 0.05).
The effect of XOS treatment on renal apoptosis
Renal apoptosis as shown by TUNEL staining and quantitative result of the number of TUNEL positive cell are presented in Fig. 7A . Tissues from HF rats showed evidence of TUNEL-positive cells or DNA fragmentation (dark brown pigment as indicated by the arrow), while there was no such evidence in ND rats. These TUNEL positive cells were significantly higher in HF rats when compared to the ND rats. XOS treatment therefore led to a decrease in the number of TUNEL-positive cells. Consistently, the expression of the pro-apoptotic Figure 3 The effect of XOS treatment on renal morphology and podocyte injury. Hematoxylin and eosin stain (scale bar = 200 μm) of the kidney tissues (A). The kidney injury score (B). The expression of podocin (C) and nephrin (D) normalized to β-actin. Na + -K + ATPase expression was shown to represent the membrane fraction of kidney tissue. The kidney injury score was graded from the enlargement of Bowman's capsule (E), glomerular atrophy (black arrow), increased interstitial space (asterisks) and the sloughing of cells into tubular lumen (head arrow). Data are mean ± s.e.m. (n = 5/group). Multiple comparison of the score is calculated by One-way ANOVA followed by Fisher's least significant difference test. *P < 0.05 compared with the control group. † P < 0.05 compared with control treated with XOS. ‡ P < 0.05 compared with the high-fat diet group. HF, high-fat diet; HFX, XOS-treated HF diet groups; ND, control; NDX, control treated with XOS. A full color version of this figure is available at https://doi.org/10.1530/ JOE-17-0471.
protein Bax was significantly increased in HF rats when compared to ND rats (P < 0.05) (Fig. 7B) . However, there was no significant change in anti-apoptotic protein Bcl-2 expression when ND and HF rats were compared (Fig. 7C) . XOS treatment in HFX rats led to a decrease in the expression of Bax protein (P < 0.05), although the treatment did not lead to an increase in Bcl-2 expression. However, the ratio of Bax/Bcl-2 expression confirmed the significant increase in apoptosis in HF rats when compared to ND rats (P < 0.05) (Fig. 7D) . Treatment with XOS could decrease the Bax/Bcl-2 ratio when compared with HF rats (P < 0.05) suggesting that XOS could restore damage caused by renal apoptosis in HFX rats.
Discussion
In this study, we demonstrated that rats fed on a highfat diet became obese and insulin resistant, which is associated with renal injury, impaired renal Oat3, renal oxidative stress and apoptosis. These alterations involved the activation of renal AT1R and NOXs in obese condition. Prebiotic XOS treatment in high-fat diet-fed rats could significantly attenuate these impairments. These improvements are most likely to be due to an effect of XOS against obesity, hyperlipidemia and insulin resistance, which affect to decrease renal oxidative stress and apoptosis. The rats fed on a high-fat diet for 12 weeks in this study showed an increase in body weight and plasma total cholesterol. These results were related to the increased microalbumin in urine indicating a correlation between obesity and kidney function. A previous study has shown that plasma hypercholesterol is associated with podocyte injury, which subsequently contributed to sclerosis of the mesangial cells (Joles et al. 2000) . Obesity is typically associated with renal hyperfiltration in animal and human studies (Henegar et al. 2001 , Stefansson et al. 2016 . We found that creatinine clearance which represents the glomerular filtration rate (GFR) was decreased after consuming a high-fat diet for 24 week in this study. In the early stages of weight gain, activation of sympathetic tone results in increased renal tubular sodium reabsorption, which leads to the stimulation of renal vasodilation and increased GFR. However, the (n = 5-6/group). One-way ANOVA followed by Fisher's least significant difference test was used for multiple comparison. *P < 0.05 compared with the control group. † P < 0.05 compared with control treated with XOS. ‡ P < 0.05 compared with the high-fat diet group. HF, high-fat diet; HFX, XOS-treated HF diet groups; ND, control; NDX, control treated with XOS. (n = 5-6/group). One-way ANOVA followed by Fisher's least significant difference test was used for multiple comparison. *P < 0.05 compared with the control group. † P < 0.05 compared with control treated with XOS. ‡ P < 0.05 compared with the high-fat diet group. HF, high-fat diet; HFX, XOS-treated HF diet groups; ND, control; NDX, control treated with XOS.
glomerular hyperfiltration gradually decreases with prolonged induced renal injury in obesity. As the results showed that we found the increase in AT1R protein expression in the kidney of obese rats associated with the increased systemic blood pressure (data are shown in our recently study (Tunapong et al. 2017) ), demonstrating the overactivation of RAS, which could induce renal vasoconstriction and cause decreasing of GFR. It is therefore suggestive that prolonged consumption of a high-fat diet for 24 weeks is responsible for decreased GFR in this present study. However, we found that serum creatinine levels in our study were unchanged in the ND and HF diet rats. Although serum creatinine is one of a biomarkers used in monitoring renal function, its level in plasma is also interrupted by protein intake, changes in muscle mass and/or the secretion and reabsorption by the renal tubule and the severity of renal injury (Baxmann et al. 2008 , Lopez-Giacoman & Madero 2015 . In this study, the impaired renal function in the initiated obese condition was confirmed by microalbuminuria and the damage of the glomeruli and renal tubules as shown by the renal histopathology evidence and Western blotting. The actions of RAS are mainly mediated by AT1R. Activation of AT1R has been shown to affect the upregulation of NOX and increase oxidative stress in various models of kidney injury (Garrido & Griendling 2009) . A study in obese Zucker rats recently showed that the imbalance of intrarenal RAS components was associated with increased oxidative stress (Luo et al. 2015) . We found that the expression of whole-cell NOX4 and membrane p67 phox , a component of NOX2 were increased concomitant with the increased end products of lipid peroxidation, MDA level and 4-HNE expression in the kidney of HF rats. These results suggest that obesity was associated with the increased renal RAS activation and oxidative stress. A previous study in HK2 cells has reported that activation of AT1R by Ang II induced the production of ROS and increased DNA damage resulting in the activation of PLC and PKC, which in turn induces NOX4 activity (Fazeli et al. 2012) . Our results showed that phosphorylated PKCα was increased in obese rats demonstrating that PKCα may be involved in this signaling pathway. Therefore, we postulate that AT1R may be activated in the kidneys of obese rats leading to the phosphorylation of PKCα, which then stimulates NOX4 and NOX2 to produce ROS and induce conditions of oxidative stress. In addition, DNA fragmentation was observed in the kidneys of the obese rats, this finding being consistent with the increase in apoptotic protein Bax expression. We speculated that AT1R-induced PKCα-NOX activation involved in obesity-induced renal oxidative stress and apoptosis in this study. The increase in renal oxidative stress, inflammation and apoptosis has been shown to be a factor inducing podocyte injury in obesity (Zhu & Scherer 2017) . In this study, we found the increase level of NOX4 and subunit of NOX2 in the kidney concomitant with the increased MDA level and 4-HNE expression. The expression of podocin and nephrin proteins, the protein necessary for the structure of functional podocytes, were significantly decreased in HF group, demonstrating the injury of podocyte, which led to the impairment of glomerular filtration function. These results associated with the increase in the leakage of albumin in the urine. It could be suggested that increased oxidative stress via AT1R-NOXs activation in the kidney of obese rats induced podocyte injury in the glomeruli, Figure 6 Effect of XOS on protein expression of the renal oxidative stress defense mechanism. Immunoblot of whole cell Nrf2 (A), Nuclear Nrf2 (B), Keap1 (C), Erk1/2 (D), SOD2 (E) and GCLC (F) protein expression in renal cortical tissues normalized to β-actin. Values are shown as mean ± s.e.m. (n = 5-6/ group). One-way ANOVA followed by Fisher's least significant difference test was used for multiple comparison. *P < 0.05 compared with the control group. † P < 0.05 compared with control treated with XOS. ‡ P < 0.05 compared with the high-fat diet group. HF, high-fat diet; HFX, XOStreated HF diet groups; ND, control; NDX, control treated with XOS.
which then impaired glomerular function, and ultimately promoted microalbuminuria.
Increased oxidative stress induced the dissociation of Keap1 protein from Nrf2 and led to the translocation of Nrf2 into the nucleus. A previous study has shown that the Nrf2 pathway is mediated by the activation of ERK1/2 (Wang et al. 2012) . We found that increased ERK1/2 expression and antioxidant enzymes including SOD2 and GCLC were observed in the kidneys of obese rats. These data suggest that the activation of the ERK1/2-Nrf2 pathway may mediate an increase in antioxidant enzyme expression against oxidative stress in the kidneys in the obese rat model.
Renal Oat3 transporters are located in the basolateral membrane of the proximal tubule and facilitate the excretion of organic anion substances. The previous reports from metabolomics studies revealed that dysregulated Oats function is associated with metabolic and kidney diseases (Sharma et al. 2013 . In this study, we examined the function and the expression of Oat3, which is the most frequent Oat isoform found in the kidney (Motohashi et al. 2002) . Recent study reported that Oat3 plays an important role in the handling metabolite derived from gut microbiota, demonstrating the responsibility of Oat3 in a gut-liverkidney axis . We demonstrated that Oat3 protein expression in the renal cortex was decreased in obese rats. This alteration was consistent with the decrease in Oat3 function. The gut-derived products such as furan fatty acid metabolite 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF) preferred to interact with Oat3 and showed to be elevated in type 2 diabetic condition (Prentice et al. 2014 . It could be purposed that in obesity, an alteration of gut microbiota composition might affect to increased gut-derived-toxic product, leading to impaired β-cell function and resulted in insulin resistance. These alterations might alter the expression and function of renal Oat3, which could have an effect on the excretion of toxic metabolites. This information presents an endogenous role of Oat3, which handle the signaling pathway via gut microbiota products between organs (n = 5-6/group). One-way ANOVA followed by Fisher's least significant difference test was used for multiple comparison. *P < 0.05 compared with the control group. † P < 0.05 compared with control treated with XOS. ‡ P < 0.05 compared with the high-fat diet group. HF, high-fat diet; HFX, XOS-treated HF diet groups; ND, control; NDX, control treated with XOS. A full color version of this figure is available at https://doi.org/10.1530/ JOE-17-0471.
and also between organisms. The mechanism underlying this communication is regarded the remote sensing and signaling hypothesis (Nigam 2015) . In addition, previous study has been shown that a toxic metabolite, creatinine, can be cleared by renal Oat3 (Vallon et al. 2012) , suggesting that decreased renal Oat3 function might affect the reduction of creatinine clearance in the present study. The Oat3 transporter has phosphorylation sites, which are regulated by PKC (Wang & Sweet 2013) . As shown in the results, phosphorylated PKCα was increased in obese rats demonstrating that PKCα is involved in the inactivation of Oat3. A previous study reported that the downregulation of Oat3 by Ang II was the result of the activation of PKCα, which leads to the internalization of Oat3 from the plasma membrane to the cytoplasm (Duan et al. 2010) . Moreover, the decreased function of Oat3 is also regulated by insulin signaling. Our previous study in streptozotocin-induced diabetic rats showed that impaired insulin signaling affected a decrease in Oat3 function and that insulin treatment could restore this alteration (Lungkaphin et al. 2014) . From the results above, it could be summarized that renal RAS activation and insulin resistance in obesity led to the phosphorylation of PKCα and then induced NOX activity and Oat3 internalization (Fig. 8) .
Our study showed the renoprotective effects of the prebiotic XOS in obese insulin-resistant rats. We found that supplementation with XOS significantly reduced renal oxidative stress and apoptosis, and subsequently restored renal injury and Oat3 dysfunction. XOS is a prebiotic found naturally in fruits, vegetables, bamboo, honey, soybeans and milk and can be commercially produced by the industrial processing of xylan-rich material (Jain et al. 2015) . XOS has been reported to have beneficial effects on health by stimulating the growth of the intestinal bacteria Bifidobacterium and Lactobacilli, probiotic strains that can promote host health (Christensen et al. 2014 . These probiotics are known as bacteria suppressing uremic toxins including p-cresol sulfate (PCS) and indoxyl sulfate (IS), the substrates for Oats. Previous studies reported that these uremic toxins are involved in the damage of kidney cells associated with renal RAS activation, oxidative stress and apoptosis that could lead to kidney dysfunction (Watanabe et al. 2013 , Ng et al. 2014 , Wang et al. 2014 . These data were consistence with our results, renal RAS, NOXs activations and apoptosis were attenuated by XOS treatment. In high-fat dietinduced obesity, there is an imbalance of probiotics, gut dysbiosis in the gastrointestinal tract, which presents as a reduction in the abundance of Bacteroidetes and an increase in Firmicutes spp. (Ley et al. 2005) . We postulate that XOS modulates the balance of intestinal bacterial flora and regulates the proliferation and/or activity of gut bacteria, which then improves metabolic function. This leads to the restoration of renal function in this obesity model. Previous studies have demonstrated that prebiotics reduced body weight, adiposity and food intake by modulating gut microbiota and gut hormones including peptide YY and glucagon-like peptide-1 (GLP-1), which are the hormones implicated in metabolic disease such as obesity and diabetes (Parnell & Reimer 2009 , Cluny et al. 2015 . This modulation of gut hormone by prebiotic is mediated by gut-microbiota-produced signaling molecule Figure 8 A proposed signaling model of obesity-induced renal injury and dysfunction and the effect of XOS treatment. Obesity activates renal RAS activation which then stimulates NOXs activity via phosphorylated PKCα. NOXs stimulate ROS production, resulting in increased renal oxidative stress and antioxidant enzyme expression mediated by ERK1/2 pathway. Renal apoptosis is also increased by oxidative stress. Phosphorylated PKCα can also induce internalization of Oat3 transporters in the proximal tubules leading to Oat3 dysfunction. XOS treatment for 12 weeks can reduce obesity and insulin resistance that contribute to an attenuation of these impaired signaling pathways and improvement of renal function. A full color version of this figure is available at https://doi.org/10.1530/JOE-17-0471.
short chain fatty acid (SCFAs). However, gut bacteria composition was not investigated in the present study. It would be an extremely worthwhile topic for further investigation. In addition to the already understood effects of prebiotics, there may be further advantages to their use in health promotion. The effect of the phenolic substituent in the XOS structure, which is composed of acidic xylooligomers containing uronic acids, is known to have well-established antioxidant properties and hence XOS could directly attenuate oxidative stress (Jain et al. 2015) . A previous study has shown that wheat bran XOS supplementation in the high-fat diet rat group led to reduce hyperglycemia and hyperlipidemia, together with a decrease in oxidative stress and an increase in the activity of antioxidant enzymes such as SOD, CAT and GSH-Px in serum, liver and heart in rats fed on a highfat diet (Wang et al. 2011) . We found that XOS could decrease renal oxidative stress concomitant with the reduction in antioxidant enzyme expression suggesting that XOS could attenuate renal oxidative stress in rats fed on a high-fat diet. In our study, the attenuation of renal oxidative stress led to a decrease in the dissociation of Keap1 from Nrf2 and the translocation of Nrf2 to the nucleus, and therefore, decreased the levels of antioxidant enzymes including SOD2 and GCLC. Taken together, it could be suggested that the effects of XOS in modulating gut microbiota product, gut hormone and antioxidant might influence the adipocytes leading to the attenuation of obesity and hyperlipidemia and the improvement of glucose intolerance, which subsequently resulted in the restoration of kidney damage in the present study.
Additional findings were that prolonged consumption of a high-fat diet resulted in the increased activation of intrarenal RAS, which increases AT1R expression. The activation of AT1R by angiotensin II activated PKCα, which then subsequently activated NOX4 and NOX2-induced ROS production and increased oxidative stress, which could damage DNA and cause renal apoptosis. Increasing ROS modulated the dissociation of Keap1 protein from Nrf2 resulting in the translocation of Nrf2 transcription factors to the nucleus, promoting the expression of SOD2 and GCLC antioxidant enzymes that may be regulated by the prosuvival ERK1/2 pathway. Activated PKCα also led to the internalization of Oat3 transporter proteins resulting in decreased renal Oat3 function and expression. Treatment with prebiotic XOS could attenuate obesity and reduce renal RAS activation and oxidative stress which could in turn allow tissue restoration following renal injury and Oat3 dysfunction (Fig. 8 ).
In conclusion, XOS could improve renal dysfunction in a high-fat-induced insulin-resistant model through the modulation of AT1R-PKC-NOXs pathway-induced renal oxidative stress. This anti-oxidative stress effect of XOS is appeared to be an indirect that it acts via the attenuation of obesity and insulin resistance. This study serves as a starting point to understand and improve supplementary treatments in cases of high-risk kidney dysfunction in an obese condition. However, these results still need additional information and verification to confirm the effect of XOS on kidney function in clinical studies.
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